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NATIONAL AD7IS0EY CQ]y®4ITTEE POE AERONAUTICS 
TECHNICAL NOTE NO. 1031 .. 

A MULTIPLE BRIDGE FOE ELTMINATION OF CONT/iCT -RESISTANCE 
ERRORS IN RESISTANCE STRAIN -GAGE MEASUREMENTS 


By Is 1 dors Warshawsky 


SUMMARY 

A multiple -"bridgo circuit is described that eliminates contact- 
resistance errors of the first oi'der between tho arms of the ordi- 
nary V/hoatstone bridge. This circuit is applied to the oliminatiori 
of the effects of contact -re si stance variations that may occur in 
resistance strain-giige measurements made through switch contacts or 
slip rings. No additional wiring is required at ^le sti’aln gages, 
and tho number of slip rings need not nocossarily be increased. 

The general . theory is derived and correct clrcxd.ts and constructions 
are described, Tho methods allow considerable froodom In choice of 
circuit combliiations and aro applicable to multiple -point strain 
measurements, particularly on rotating shafts or propeller blades. 
Otlier applications of the multiple -bridge circuit aro noted. 


INTRODUCTION 

In measuring stru.ctural strains by observing the change in 
electrical resistance of a wire or a carbon strip attached to tho 
surface of the tost member, it is nocessiiry to detect accurately a 
resistance change of a fraction of 1 percent. Tlie fractional change 
in resistance of an Advance wire strain gage that is in common use 
is approximately twice tho numerical value of tho eLastic strain 
(reference l); for example, a Btx-eea of 10,0C;0 pounds per Square inch 
in aluminum involves a roslstanco change of 0,2 percent. In order 
to achieve an accuracy of 2 percent in such a moaeurement, the 
resistance must bo measured to an accuracy of O.OOi percent. 

Although resistance changes of such small magnitudes may bo 
measured quite readily by ordinary bi-ldge m^ethodB in those cases 
where direct connection to tho strain gage can he mtido throu^ well- 
soldered connections, tho problem becomes difficult whon connection 
to tho strain gage must bo made through switch contacts or slip rings. 
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Examples aro' tfe measurement of stresses 'at a nu mber o f . l o cations 
by the use of a single bridge and a multlple”^position seloctor 
svltoh a3od certain cases of multiple -point stress measuroments on 
H rotating shaft or propeller- blade. 

In such oases, the possible variation In contact- resietanco 
between switch contacts or between brush ;ind: slip .ring mojabd of 
the sane order of magnitude as the resistmco change duo ttr^ctual 
strain variation and, if this' contact resistance lies Iri series 
with the strain gage Iteelf, large errca*s are Introduced into the 
measuroments. To remedy this situation, several axi>edlentB are 
goneraJ-ly employed: (l) circuits so constructed that tho contact 

resistpince no longer lies in series with the strain gage but occurs 
instead at a point In the circuit where lt“has nogl Iglblo- effect; 

(2) the use of strain gages of very high resistance; and (3) tho 
use of very heavy' switch contacts or of a number of-rparollol- 
connocted brushes.' 'Each of these methods sometimes possesses cer- 
tain llmitat-lons ; the first often requires -an excessively largo 
number of resistors ■?riien applied to multiple -point moasuremonta; 
the second sacrifices electrical stability; and the third is raochon- 
Icnlly camnllcated . 

This report doschibes a new circuit which renders negligible 
the effects of contact resistance occurring at the. comers of a. 
conventional Wheatstone bridge and tho. particular, .application of 
thl-s circuit to measurements with resistance strain gages. • In order 
to illustrate- the problem of contact resistance more clearly Eind to 
define the scope of the new circuit anil its relation to existing 
techniques, a brief review of representative me-thods of moasiirement- 
•that are in common use will first be made. 


CIRCUITS QKDCTAR-ILY USED FOR'STRAHT MSASUEUCMEWT 
;3orles Circuit for Measurement o.f Altema'tlng Strains 

Strain variations duo to floiural or torsional vibrations are 
often measured by^ tho series circuit shown in figure l(-a). In which 
the ind:i.cator is a reotif lor-tyne moving-coil galv-onomcter for rms 
meuauremonts or .an' oscillograph preceded by a vacuum-tube amplifier 
for instantaneous indication. The strain-^goge leads .are soldered 
to two slip rings and the brushes heeiring on these slip rings are 
wired to tho remainder of the circuit. Tho alternating voltage 
ai')po-arlng across fno strain g.age R or across 'tho fixed resistor G 
Is proportional to the .alternating strain. To approach maximum 
sensitivity for a given power dissipation In the strain ■ gngo , tlio 
• rcsis'ttmos~of ' G must bo sevor-ol' times that of^ B. 
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This circuit is equivalent to that of figure 1(1)), the contact 
resistance between brushes and slip rings being represented by r. 
Any ■ variation in the magnitude of r appears as an' apparent strain 
whose maximum va^ue, for. an Advance wire strain gage, is equal to 
the fractional change in strain-gage resistance. This result is 
obvious because a change +Ar in the contact resistance in each” am 
has the same effect as would a change AR = 2Ar in strain-gage 
resistance, and the corresponding strain o is approximately 

e = i ^ 

” 2 R R 

This is the maximum possible error; the most probable error 
resulting from a contact-resistance variation ±Ar in each arm 
is one-half of the maximum possible error. 


Bridge Circuit for Measurement of Strains 

'A Wheatstone bridge such as that shown in figure 2(a) is. of ten 
used to measure strains at a large number of points and utllizoe a 
single bridge and a two-pole multiple-position selector switch. 

This circuit is equivalent to that of figure 2(b), wherein the con- 
tact resistance has been represented by r. As. in the case of the 
series circuit, any variation in this contact resistance appears as 
an apparent strain equal to the fractional change in resistance of 
this arm of the bridge. * 

For measurement of the alternating component of strain, the 
power source and indicator are the same as those descrlbod. for the 
sorios circuit of the preceding .section. For mo'asufoment of stead^v 
strains, the power source is a battery, an alternating-ounrent 
generator, or on audio-oscillator; the generator or oscillator is 
used to eliminate the effects of .thormoelcctric potontials at the 
switch contacts or when a carrier system is desired in order, to 
facilitate amplification. 

An alternative circuit to that of figure 2(a) is shown in fig- 
ure 2(c), in which the two-pole switch is replaced by a single-polo 
switch and one side of each strain gage is soldered to a common 
terminal. This method has the advantage of tolerating twice as large 
a value of Ar/R as does the circuit of, figure 2(a). 

Steady-strain measurement is made by observing the d.eflection 
of the indicator or by rebalancing the, bridge by pne of ' several 
methods, some of which are shown in figures 3(a) to 3(d). In'flg- 
ure 3(a), balance is restored by using, in arm S, a dummy strain. 
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gFige clampod to a oalibratod cantilever beam deflected by a microm- 
eter £3orow graduated directly- In. strain units.- In figure 3(b),- 
arm is shunted by a calibrated; high-reelstsmco rheostat until 
bridge balance is rostorod. In figure. 3(c), the_ratio arms -tro 
altered to restore -bailee,* in figure. 3(d) , the power oonnoct’ion 
to th€i bridge is moVed. In the. circuits of figures 3(b) to 5(d), 
resistance at the sliding contact of the. rheostat -potentiometer 
does rot materially affect the..accuracy of the msasuremorits unloss 
a detector of very low resistance is usod in a deflection method , 

A Wheatstone bridge circuit • similar to that of figure 2(a) 
with tho switch replaced by slip rings and brushes to permit strain 
measurement on a rotating member is theoretic-ally possible, but is 
not usod because of tho high brush- contact rosistancoa that aro 
present . 

In order to make tho circuits of figures 1 and 2 useable, it 
is nooess*iry that the chango .Ar in- contact^ resistance bo very 
small compared to the straln-gogo resis-tnneo B. For oxr.mplc, if 
an accuracy of 2 percent is retiulred.ln measuring -a stress of 
10,000 pounds per sq.u-xro inch in aluminum, tho ratio Ar/R must bo 
less t]ian 0.00004. In moasuroments through slip rings, tho usual 
methods for achieving so low a ratio aro first, to minimize Ar by 
using a large number of brushes connootod in jiarallel and bearing 
on the same slip ring and second, to Inoro-aso - E by using high- 
real stfinoo strain gages made of- oai’bon r-athor than the' more' stabld- 
and adiiptablo -wire strtiln gages, which ore of ccmparjitively low 
resistejioo. Thus, the use of a 30,000-ohm carbon strain gage with 
a gage factor of 10 would allow . Ar . to bo as high as 6 ohms In the 
above eromi-'le, whereas thp use of a 1000-ohm Advionco wire strain gage 
with a gage factor of 2 would require -Ar .to be nof^dr 0.04 ohm. 
When mult Iplo -point strain moasuremonts are to bo m.ado, a. possible’ 
Boluticn of tho switch-contact-rGslst/inco , problem is the use of r. 
high-quality heavy-duty selector switch having low -and constant- 
contact resistance. Switches aro nvailabl,o with so lew a rceistuncc 
that the use of •loW-rooistanoe wire s-traln gages is possible, pro- 
vided that high sensitivity is not required. 

Currently Used Strain-Measuring Circuits Froo from 
Contact -Eoslsbanco Err-ors- 

Ef-Foctive ollmlna-tion of contact-^roslstanco errors can bo 
accomplished by using a. separate roforonce rosistor with oach strain 
gag© or a soparate bridge with oach strain gage, as-" shown In fig-, 
uros 4 and 5. Tho ciroui-fcs of figures 4 and 5. may use either a 
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direct -current or an alternating-current poorer supply. Circuits 
of this type are used frequently in present-day practice. 

The circuit of figure 4 is used for multiple -point measurements. 
This circuit iises a separate compensating resistor for each strain 
gage and has two common connections, requiring only a single -pole 
switch in the meter circuit; the switch-contact -resistance variation 
in this circuit must he a negligible fraction of the meter resistance 
if a deflection method is used. It is also essential that there be 
negligible variation in the resistance of the common leads and of 
the power supply. If a null method of measurement is employed, the 
variation in resistance between points 1 and 5 and between points 4 
and 6 must be negligible compared to the parallel resistance between 
points 5 and 6. Also, the resistance of lea^s 1-5 *jnd 4-6 must be 
approximately in the same proportion as the two ratio arms of the 
bridge. If a deflection method is used, an additional condition is 
imposed; any variation in the resistance of the power supply and 
its leads must be negligible compared to the parallel resistance 
between points 5 and 6. In the deflection method, for example, the 
use of twenty 100 -ohm strain gages in an eqiaal-arm br:’dge arrange- 
ment would require that the variation in the resistance of the circuit 
through points 5-1-2-3-4-6, which includes the power supply, should 
be less than 0.1 ohm in order to attain 1-percent accuracy. 

The circuit of figure 5 is used for strain meEusurements on 
rotating members . The contact resistances between brushes ^d slip 
rings are in series with the power supply and the detector and can 
be made of negligible proportions with little difficulty. 

Multiple -point strain measurements on a rotating member using 
a selector switch can be made by a combination of the circuits of 
figures 4 and 5. Referring to figure 4, slip rings must be inserted 
in the battery circuit between points 1 and 2 and between points 3 
and 4; another slip ring must be inserted between the detector and 
the junction of the ratio arms A and B; finally, a fourth slip • 
ring is inserted between the detector and the single -pole selector 
switch if this switch is mounted on the rotating member. If the 
switch cannot be mounted on the rotating member, individual slip 
rings are used to connect each junction between a strain gage and 
its compensating resistor to its respective switch point. 


CIRCUITS FOR ELIMINATION OF CONTACT -RESISTANCE ERRORS 

A new method for the virtual elimination of errors caused by 
contact-resistance variations at switch contacts or slip rings 
utilizes the properties of the multiple -bridge circuit analyzed 
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Hoathenifitloally In the appendix. Mie 23iost general 'circuit ofMihlB 
type le built up In the steps shovm’ In figure 6. ■ Construction begins 
vith the simple Wheatstone bridge circuit of figure 6(a)^ wherein a 
contact resistance r is assumed to occur at the four corners of 
the brj.dge. Each ofrthese original contact resistances is then 
bridged by a pair of auxiliary arms ajbj^ cyd; f/g; and h^Ic whose 
ratio to each other. is equal to the ratio- between the adjacent main 
arms (fig. 6(b)). Connection between' "yie auxiliary 'arms and the 
main amis is made through a separate brush or sWi-tch contact, whose 
resistance is denoted by r, -and the power lead dr the detector load 
that originally went to the comer of the simple. 'bridgo is connected 
instead to the Junction of the two auxiliary arms,: It is shown in 

the appendix that this construction has the effect of canceling 
first-order effects of the contact resistance occurring ' at any oomor 
of the original: bridge because this resistance is, In effect, divided 
betweeiL the two adjacent main arris In the same proportion as the 
ratio of- these main arms. • ' ■ 

Iflrthe practloal application - of the -multiple -bridge circuit to 
resistance strain-gage measurements,-' the use of separate' contaots 
for connecting the strain gage to' the main bridge arms and to the 
auxiliary ratio arme does not misan that more 'than two wires need bo 
led off -from ba<ch ghge:- the application requires only that -two' 
connections, instead of one, be made at the slip ring or the switch 
at which: the contact resistance ocoursi' Turtherinore’, all four pairs 
of auxiliary rati-o arms are rarely'^needed; -mbst 'apj^ricatioiiB' utilize 
no more than- two pairs.' These donditions are illustrated by the fol- 
lowing representative -olrcuitB. '■ ■ 


Strain Measurement through Blip ElngS . 

The bircuit of figure 7(a) (equivalent clrcolt^ shown in 
fig.' 7(b)-) is used where only the- one strain gage "E is' curled on 
"^the rotating member. A single p>air 'of slip- rings' is’ used,' /Just’ as 
in a conventional circuit, but each ring has' two- brbshea..- ‘ One brush 
on each ring lies in the main bridge circuit' compoBed’ of E, $, A, 
and B. -The other brush on each slip ring is in seribs with thy 
auxiliairy ratio -^arm resistors b and d. ^e auxiliary rat lo_ anas 
a,b and c, d "act as potontial dividers across tho' contact resist- 
ance occurring in the main bridge circuit. The values of theeo 
resistors must be such that a/b = a/b... ,hnd a/S P,c/d. Very good 
oompensation is obtained if the aiixillafy'^rbsistors are 1000 times 
the probable contact resistance. 

The divider a,b at the lowest '.jcornipr of th£j bridgo 'will bo 
recognized as that of the usual Kelvin 'double ^bridge. The divider 
c,d at . the right-band comer is an additional conqpensating network 
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that is not found In the usual Kelvin "bridge "because the Kelvin 
"bridge is ordinarily used for measurements wherein contact resist- 
ance in series with the main ratio ams produces negligi"ble errors. - 
On the other hand, resistance-strain-gage measurements that must" 
detect resistance changes of a f^ thousandths of 1 percent would 
"be in serious error if contact-resistance variations of the same 
magnitude occurred in the main ratio arms. 

The error that results, expressed as the apparent fractional 
change in resistance of the strain gage, is of the order of ' magni- 
tude of the sg.uare of the ratio of the contact resistance to the 
"bridge-arm j^eslstance, rather than the first power of this rati<b 
as it would "be in a simlleir "bridge circuit without auxiliary ratio 
arms . . Specifically, assuming the same contact resistance at each of 
the hrushes, this second-order error is the sum of two terms, one 
term "being proportional to the square of the contact resistance and 
the other term varying as the product of the contact resi st anc e "by • 
the amount of "bridge unbalance. (See eq.uation (43) of appendix.) 

Tho error is thus least when the "bridge is balanced and Incroasoa' 
as the bridge booomo.s unbalanced by tho increase in strain. Table 1 
lists -some desirable .combinations of resistance values for the various 
arms of bridges using strain gages liaving roslstahooo of 100, 500, 
and 1000 ohms. For each of these bridges, table 2 lists the maximum 
errors in indicated strain, which would bo odusod in on Initially 
balanced bridge by tho introduction of 1 ohm of contact roslstanco 
at each brush and also tho error in indicated strain in a bridge that 
is 1 percent out of balance, undor the samo conditions tiiat lead to 
maximum error in tho "halanood bridge. For purposes of comparison, 
there are also listed tho maximum errors that would be causod by tho 
introduction of 1 ohm of contaot-rosistanoo variation occurring in 
tho Wheatstone bridge circuit of figure 2(a). it will be noted that 
the ratio between errors in the two typos of bridge, which might bo 
termed tho "factor of advantage,” is botweon 110 euid 4000. This 
factor of , advantage would be still "greater if tho assumed contact 
resistance wore - 0,1. ohm rather than 1 ohm. The factor of advantage 
would bo half as. great if tho two brushes shown in figure 7(a) on 
each slip ring were merely connected in parallel 'in a simple "Wheat - 
stone bridge arrangement . In 'those • coeputations of errors, it has 
been assumed that errors occurring at each brush -do not" componsata' 
each other, but. are- such as to produce tho greatest possible error' 
in on initially balanced bridge.- - ’ ‘ " 

Tho distinction between the terms “contact resistance" end 
"con'bact-reslstance variation" is to bo noted. In the ’"Wheatstone 
bridge circuit of figure 2(a), any constant contact resistance may 
be bcionced out in tho Initial balancing of tho bridge and only the 
subsequent variations in this contact rosistance ore material, tho 
error being proportional solely to those variations. In tho mul- 
tiple bridge, errors due solely to tho constant contact real stance 
may also bo balanced out, but tho additional orrors introduced by 
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Bubeequont iVariatione in the contact resistances are proportional 
not* only-- to .these, variations' tut also-'- tO' the o<i>ntaot. rosistances 
themselves. This condition is -a ‘consequence •■of j.tito.. f^t; -that errots 
in the, multiple bridge .are bf the- second oirder, wl^reas ^^rors in- ’ ■ 
the simple Nhaa-tstoiie' bfijeteo' arcr=bf •^Wie-^flrs'fcrord^. .. In to 

simplify computations fof nhe - da,ta '■bf table •■2 -and- subsoqi^.ht tables, 
both tie contact resistance aid' *th0 ■Oontsotrresietance .variations 
have been assigned the valUS of I olfla.- .. ^ . 

For null measurements, thi bridge, of : figure 7(a) may be bal- 
anced by any of the methods shown in-f igvirp- 3; by .Toeing d dummy 
gage on -a c^alibrated- cantilever In arm' 3 (f4g. . 3(a) )., by shunting 

arm (fig. 3(b)},' by changing' the main- .ratio .aCTjjs ,(f ig. _3(c) ) . 
or^.by ohanglng the position of the 'b'at.tejiy- coimoctipn (fig. '3(1)).' 

Tip circuit of . figure 7(c) (equivalent circuit. shown in fig- ' 
ure 7(d.))may be used when an additional slip ring pan be' iristalled ‘ 
and. ■when an addltioiial- resistor can' be mounted oh^'tho rotel^ng mOm- 
ber. ■ ^Chis- resistor may' be- a fixed one, may -bo a co^ensat’ing strain 
gage used; to .balance out any -temperature, effects, .of 'may. bo‘ another 
strain gage, used in order, to .--provide . dJrfipt.;indication , of the dif- 
£e re nqe -between strains at t-^^o locations;. The bridge ro^ be balanced 
by -varying the main .ratio • arms, as -in fj-guro 3.(p). ' Thd, .values of 
the auxiliary ratio arms - c, ' d,' f, • g ■ must bp auoh that 

a/s = c/d'.a: f/g,. • • J-.-i-f. r ' 

An- advantage of this' circuit over tbaf of flgifro 7(a) is- the 
faot'..tliat-.it all for the use of a cpmpensa'tlng 'strain gage near 
the' Inc.icating .strain g^e ' to! reduce .the, effects of drift due to 
temperai-ture and, time, ■which- st5-' seriously limi-t .the usefulness of 
these -i.nstruments in ateady-s'fcra'in'-me.asuremonts, , 

.Some desli’a'ble coabinatlons- of .dr.quit constants for the 
arrang€impnt .of figure .7(b) are listed -In table 3... .The o^ors in 
strain measurement produced- by a contact .resistance of 1' ohm at 
each bi’U-sh on the- two outside slip rings , are. gl'v.en in' table 4. (The 
errors caused by ooAtaot resl'stsirKje An the meter circuit are' neg'- 
lecbedjr. these errors are zero if a- null.; method fs. used. ). , Compari- 
sons with a similar Circuit having Ahe same values Of E, S, A, 
e.Tifi B-j. -but .wl-bhoiit Javutiliary' arm's,, -..ara^mado.^, as was done' for tho 
circuit of figure 7(a) . - The factors of adVan'tag.o . 'vafy _ f rom 230 to 
40CX). rf a deflection method is .used, the contact if'esiBtahce 'vari- 
atlon-at. the meter switch contact must be a nogliglble fraction of 
tho me"l;er resistancej for example,; -for 1 p.orqent accuracy, the 
contact-resistance variatl'on must be,- leap., than* 1. porbeii't of the 
meter rosistancp,- 
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Circuits for Multiple -Point Strain Measurement 

Multiple -point strain measurements, using selector switches, 
are distinguished from those involving slip rings by the fact that 
in many cases one side of each strain gage may be connected in com- 
mon through a soldered connection, thereby eliminating a source of 
error and simplifying the circuit. Typical circuit arremgements 
are shown in figure 8. 

The circuit of figure 8(a) uses the same standard resistor S 
for all strain gages and breaks both sides of the strain-gage circuit. 
Its equivalent circuit is identical with figure 7(b) and the data 
of tables 1 and 2 apply. This circuit may be balanced by any of the 
methods shown in figure 3. 

The standard Kelvin bridge circuit of figure S(b) has one side 
of all strain gages common and is a simplification of figure 6(a); 
the. number of switch banks is halved and one pair of auxiliary ratio 
arms is eliminated. Eepresentative combinations of bridge constants 
are presented in table 5. Data indicating the advantagep of this 
circuit over the comparable bridge circuit of figure 2(c) are pre- 
sented in table 6. 

The circuit of figufe 8(c) uses a separate compensating resistor 
for each strain gage, breaks both sides of the circuit, arid requires 
a five-pole switch. Its equivalent circuit is identical with that 
of figure 7(d) and the data of tables 3 and 4 apply; For deflection 
measurements, the contact -re si stance .variation at the meter switch . 
contact must be a negligible fraction of the meter resistance. For 
null measurements, balance may be obtained by the method of fig- 
ure 3(c). Simplifications of thie circuit. are possible, if one side 
of the resistors can be connected, in common. 

The circuit of figure 8(d) permits a separate compensating 
resistor to be used for a group of strain gages and allows for 
switching different groups, each with its own compensating resistor. 
One side of each strain gage is common and one side of each compen- 
sating resistor is common. Only. one pair of auxiliary ratio arms 
is necessary. Other variations of the circuit of figure 8(c) can 
accomplish the same result; all variations require a five -pole 
switch. if there are no common connections and a four-pole switch 
if common connections eire permitted. Balance may be obtained by 
the method of figure 3(c). 
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Multiple -Point- Strain Meaeurements Through Slip Rings 

The arrangements desorlbed above may be combined to allow 
measuremontB on a number of strain gages attached to a rotting mem- 
ber, using only a few slip rliags. Representative- arrangements are 
shown in figure 9- wherein three or four slip rings are used to make 
measurements on any nvimber of gages, - selection being made by a 
solenoid -operated, multiple -pole, multiple -position stepping switch 
that Is mounted on the rotating member and moves with it. An addi- 
tional pair of slip rings inay be needed to bring power to the solenoid. 

The' circuit of figure 9(a) has one side of all gages obmmon-, 
uses a two-pole Bwitch,'and’ requires two slip rings wlth—one briish 
on each and one slip ring with both primary and secondary brushes. 

It may be balanced by any of the methods of figure 3. 

The circuits of figiires 9(b) and 9(c) require three Slip rings, 
two with -main and auxiliary brushes. The reference resistors and 
the -auxiliary ratio arms for the meter’ cif-cu it ' are carried’ oh the 
rotating member’ , ■* ’ Balance is obtained by- the method of figure 3(c). 

The circuit of figure 9(b) uSes the same' ocmapShsating resistor for ‘ ’ ’ 
all strain gages and requires a two-pole swi-tch, whereas the clrcxiit 
of figure 9(c) uses a separate compensating rasistor for each gage 
and' req-ilfes' a four-pole 's-^itch.'' - . , • ^ *: , 

The circuit of figure lO permits 'me’esuhemehts on-a 'potating 
member ■ carrying strain gages of two different hominal-fesistances. 

A eolencid-opera-ted. stepping ' switch -'on' the 'rotating' par t is - advaiioed 
synchronously with'a similar ' switch at "the 'BJeasuring bridge. At 
the same time that the first switch ad'vancds to a strain 'gage of 
different nominal- re si-staince, the secohiLSwitch changes resistor- 3 /■ 
and also shunts the auxiliary ratio aim) ‘ d' to m'aintain the necessary 
proportions between arms. This circuit, resombles that of figure 9(c), 
except tha-tr-tho. reference’ resistors -are fat' lodger on the- • i&tatlng 
member. ’ Strain' values 'are ’obtained from ’rbadlngs of the - manually • 
balanced slide -wire K ‘in- a null method. - A-sepdrate pair of slip 
rings may be needed to operate the- stepping switch . Rl’gure 10 shows 
the wirliig diagram 'for a ctmplete installatlDn, 'including an’-addl- 
tlonal ’nonshorting' hank on the stepping, switch at -the bridge used ■ 
to open the po-wer- supply circuit when- thb switch advances' and thus 
protect- the detector. ' ' - ' . . 


Circuit for Use with High-Real s-tanco De-fceotor 

The Kelvin bridge oiroult sho-wn in fig'are 11(a) may be used 
if the detector is a vacuum-tube voltage amplifier of high .input 
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roslstance. • DispeJasing with -tho auxiliary ratio arms _at tho right- 
hand cornor of tho brldgo makos it- nspessary to have armis A and 
B' of comparatively high resistance, If tho fractional, change in 
resistance duo to strain Is AE/E, tho contact -real stance, variation 
is Lt, and the precision desired is p percent^ thcj value of 
resistor B must ho greater -than ■ ■ . „ . 

Ar/(AE/E) 

The circuit may he balanced by the inothodB of figirro 3 or by moving 
either of the left-hand potential taps, as shown in figure 11(b) . 
This type of circuit is appllcahle also to multiple -point strain 
measurements. The high resistance of tho main ratio arm^ makes this 
circuit vory much inferior in sensitivity to tho circuit of fig- 
ure 7(a) when a moving-coil galvianometor is employed as a detector, 
but is no restriction when a vacuum-tube voltage ampllflor la. used. 


Switching Circuits for Measurement of 
Sums and Differences of Strains 

Direct moasiirement of the sums or differences of strains 
measTuoed by resistance strain gages, in any desired combination, 
may be made by use of tho multiple -bridge circuit and a multiplo- 
pole, multiple -position selector switch, without intnDduction of 
any anproclable contact-roalstanco errors. 

Two basic circuits cr£ this- typo are shown in figure 12, In 
figure 12(a), the sum or differonce of two strains is obtainable 
by use of a four -polo switch. In figure 12(b)., tho difference 
between any pair of strains out of a group of four is obtainable 
by use of a four-pole switch. •• ■ , . - . 

Circuits of this nature are directly applicable to tho compu- 
tation of principal strains from strain-rosette readings . In con- 
structing such switching circuits, it will generally bo found that^ 
the number of poles on tho switch is approximately twice tho number 
that would bo required by a similar switching arrangement that did 
not contain a\ixillary ratio arms or main find auxiliary terminals. 


DISCUSSION 

The circuits described for elimination of contact -resistance 
errors arc intended merely to illustrate tho techniques to be used 
and manifestly do not include every conceivable circuit that might 
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be employed. The majority of the circuits outlined 'require the 
application of one or both of two expedients: f Irst;^ ^se of 

auxiliar>y ratio arms and second, the use of separate 'Win" anfi .. 
'auxiliary" terminals. The result of these procedures is to make 
the errors approximately proportional to the square of the ratio 
of the contact resistance to the bridge-airo resistance' Instead of 
to the first power of this ratio, as would occur in a similar cir- 
cuit without mult Iple -bridge, features. ^ 

The effect of adding the auxiliary ratio arms can be described 
more exchtly in the following- mamer: ' if, in a simple . Wheatstone 
bridge, the error; 'expressed: as the'npparent fractional change in 
rBsistajTLce of the variable aim, is of ' the order of magnitude of 
■the ratio 'of oontAct resistance to bridge -arm resistance, then adding 
the auxlliar'y arms reduces this error by S' factor of the- order-, of 
magnitude of the ratio of Contact resistance, to .auxiliary -arm resist- 
ance. As a result, -the usual stringent limitatlon.B on. contact 
resistance may be relaxed several hundredfold, the improvement in 
accuracy thus obtained beixig greater than the improvements obtained 
by the expedients of multiple brushes or -of high-resistance carbon 
strain gages. The elimination of errors due to contact resistance 
is accomplished 'with little meolmnlcal oomplloatlon and only a mod- 
erate-reduction in sensitivity of the measuring circuit, 

Thii 'dbnaidorationa that govern the conversion of a simple .< 
■Wheatstone bridge circuity such as that of figure 13, to-;a mul'tiple- 
brldge circuit are derivable' from the 'theory presentoi in the appen- 
dix. By standard electrical network transformations-, the general 
circuit of figure 14(a) is replaceable hy the equivalent cirouit 
of f-igu3:e 'M'Cc) . The effect is therefore one in which the contact 
reslstaiiCQ occurring at any coXner of— the bridge is divided between 
the two adjacent arms In the same proportion as the ratio of -bheso 
arms, tjius canceling first-order effects of -the o.ontaot resistance. 
This effect follows from the fact that if 


^^1 _ B 
Aro R 


then 


B + = 1 

R + Arg ® 

Inspection of figure 14(c) and. comparison with. figure 13 brings 
out the following points: 
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1. There is no appreciable change in.. the effective values of 
the four main hmisj -therefore there need he no change in the values 
of the resistors initially, used to balance the bridge, 

2. An appreciable resistance^ duo to the auxiliary ratio arms, 
is inserted in the battery circuit if arms 6,d or f,g are usod, 
so that a higher battery voltage is rejg,uir^ in order to preserve 
the same voltage across the strain gage. 

3. If ' aims a,b' or h,k are used and a moving-coil galva- 
nometer is the detector, an appreciable rosistanoe is introduced 
into this circuit; therefore the galvanometer should be replaced 
by one that will match the new value of resistance which appears 
across its tennlnals . The new galvanometer will generally possess 
a higher coil rosistanoe and also a higher current sohsitivity. If 
a high-impedahce vacuum-tube detector is used, no alteration is 
necessary and there will be no change in sensitivity , 

The net loss in sensitivity caused by arms a,b or h,k will 
depend on the typos of galvanometer available and cannot bo e^ressod 
in any simple eq.uation, but generally the reduction will be less than 
twofold'." For example, for bridge 16 (t^ble^S) if a commercial type 
of bi^-aensitivity spotlight galyanomdt.er’ of 5-socSnd 'poriod is 
used, ' the number' of divisions of galvanopjot.br. dpf'lbption for a given 
AE/R and a'feive'n power dissipation in arm, . p _ will bo half^as great 
when the niultiple bridge is used as when, only the main bridge is ~ 
used, assuming that in each case the galyanqmo'ter is’’ so chosen that 
it will be critically damped by the circuit across its’ terminals. 

For any other bridge listed in this table, , the' reduction in sensi- 
tivity will be much loss sorious. 

An important result, of. the points- meutlouod is that, when the 
presence of arms; c, d or f,g would .require, a, •very large increase 
in supply voltage (as, for example, in bridge.. 8, table 3), it may 
bo‘ advantageous to interchango the posi'tionB of the ppwer supply 
and the ' galvanometer. It should be^ noted, how’ovor, that- whereas 
apparent loss in sensitivity- caused by tho- presahed Of arms o,d 
or f,g may bo offset by increasing the supply vbl-bago until normal 
voltage appears across the strain g^-o, .any loss in sensitivity 
caused by arms a,b' or . h,k cannot bo componsatod ' by increasing 
tho battei'y voltage because .doing eo would also increase tho vol'bage 
across the' 'Strain gagov- . ’ 

' ’’The prdoiSion- of 'ad3uetment-,requirod”fqr..t^e .auxiliary ratio 
arms' is discussed ' in detail in -the. appendix.’, 'fho following sinq)le 
rule,' howc-ver, holds approximately for ari dqudl-aim bridge;’ tho 
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precision, of the auxiliary ratios must ho ‘ 100^ percent^ where AH 
is the permiesihle error in measurement of -stral^-gage resistanoe 
and r is the- probahle contact re’sistanbe. ‘ ■ ' 

It ’should he noted that thh negligl’ble contact -rosistaiice ^rror 
of- the multiple bridge is derived from the fac-b- that. the. ratio Of 
contaOt resistance to bridge-arm resistance is generally" so snmli 
a fraction that, when this fraction" is squared, it' becomes negli- 
gible. In most practical applications of the multiple bridge, a 
reasonable criterion for the existeiice of such a condition is that 
the contact resistance shall be "less than 1 percen-b of. the bridge-^ 
arm resistance. Most applications satisfy this criterion really. 

On the other hand, if- the contact resistance is very high, the 
multiple-bridge circuit loses its effectiveness;. This statement, 
applies even to a simple Kelvin double-bridge circuit such as that 
shown -i.-c figure 8(b); although this bridge .would be unhffected hy 
changes in the value of resistance occurring solely at the left- 
hand coiLumn of switch contacts, the addition of contact resistance 
in series with auxiliary arm b will disturb the balance of -the 
bridge, 

In determining the applicability of the multiple bridge an^, 
in particular, ■ in evaluating its merits with respect to other 'cir- 
cuits for eliminating contact resistance, such as that shown in 
figures 4 and 5, it may be noted that the muitiple bridge offers 
no advantage over the circuits of figures 4 and 5 Insofar as reduc- 
tion of contact-resistance errors is concerned, (in fact, if the 
contact resistance is occasionally very high, as in the case of 
poorly seated brushes, the multiple-bridge circuit will introduce 
more violent detector deflections than will either of the other 
two circuits mentioned.) On the other hand, the multiple -bridge 
circuit offers certain advantages in economy of the total number 
of resistors required for multiple-poinh-measurementB and in Its 
versatility in permitting any desired' combination 'of, roBlstors or 
arrangoiaent of- the measuring circuit and considerable freedom in 
choice t)f balancing methods. Circuits such as those shown in 
figures 9, 10, and 12 illustrate these poln-bs'. 

, ' 'r 

Tho multiple bridge is generally applicable to measurements 
of exceedingly small resistance ohangds, as in the manganin-reslstor 
pressure gage, and offers a pos'siblo improvement-novbr the usual 
Kelvin bridge in measurements whore appreciable contact resistance 
at the ]Dotontleil terminals is xmavoidable . The circuit is applica- 
ble also- to hot-wire anemome try, to • measuf oments with four-wire 
resistance thermometers (permitting elimination of the usual' 
reversing switch), and to situations where the strain gage or other 


rill 
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sensitive element is far from the measuring hridgo circuit so that 
very long leads must he used. In the multiple bridge^ these loads 
can he made to appear in the same portion of the circuit as do the 
contact resistances, so that considerahle lead resistance can he 
tolerated and much smaller lead wire can he used than would ho 
permlssihlo in the conventional Wheatstone hridgo circuit. 


Aircraft Engine Eosearch Laboratory, 

National Advisory Gommltte;e for Aeronautics, 
Cleveland, Ohio, February 8, 1946. 
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APPENDIX THEORT OF THE MULTIPLE BRIDGE 
Tho Wheatstone Bridge 

Figure 13 represents the •simple Wheatstone hridgo, with the 
resistances and ovtrrents' in th<3- various arms= as indicated. The 


equations for the network ajrej 

■ ^A' - ^ “ (2) 

Ig' “ ^ 

A'l;^^! - S' 101 - G'iQt = 0 (4) 

B*ig< “ E'ijj* + G'Iqi = 0 (5) 

A'l^, + B'lg, + H'ijj, = E (6) 


The solution of these equations is 

1^. » ENy^t/D’ 

ijji « ENg,/D' i (7) 


i0. = EN(j./D’ 

and so forth, whore 


D' = A'B'^’H'(p-+|T+|r-H^ + G'(A'+B’)(S'+R') 





+ H' (A' + 

S' ) (B’ +E' ).+ G'H' (A' + B' + S' + E' ) 

(B) 

%' 

= (a' + 

S')(B 

' + E') -h G'(A' + B’ + S' E’) 

(9) 

%' 

=. S' (B’ 

+ E') 

•f G'(S' 

+ S') 

(10) 

%• 

» S' (A' 

+ S') 

+ G'(S' 

+ B' ) 

(11) 

%' 

= A' (B' 

E' ) 

+ G' (A' 

+ B’ ) 

(12) 

Nr. 

= B’ (A' 

+ S') 

+ G’ (A' 

H- B' ) 

(13) 

%* 

= A'E' 

- B'S' 



(14) 
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The bridge la balanced when^ Nq.i , the manerator of the eq.ua- 
tion for current in the detecter aim 'G', la zero; 

■ A'R' - B'S' =■ 0 (15) 

the current In 
AE' in aro H' 


(16) 

because the Yalue of the denominator D* remains practically 
unchanged inasmuch as it is the staa of Tjosltlve terms cdnsistlng 
of triple products of the resistances In the various arms, comparod 
to which the change in D* due to AE\ is negligible. 


Starting from an Initially balanced bridge, 
arm G' caused by a comparatively small change 
is, essentially. 


‘■G’ 


= E 


{¥) 


The Multiple Bridge 

In the multiple -bridge circuit of figure l^(a), the main arms 
are A, B, S, Ej the detector is G; the aiucillciry ratio uanas ai*e 
a,b; c,d^ f,gj h,h and the contact resistances that are br.J^od 
by the auxiliary ratio arms are, . rp^^, r^g, Simpler 

circuits may be derived from this general arx*angement by sotting 
some of the variables equal to zero, ^ as in the circuits of fig- 
ure 15. 

The currents in tills networt may be obtained by direct appli- 
cation of. Klrohoff's laws and solution by simultaneous equations. 

An. alternate metliod of solution, which is considerably simpler 
mathematically, utilizes the fact that the mifior triangle Including 
a,b,rg^^ may be replaced by an equivalent Y-notworlc, as shown in 
figure 14(b); and that the other three minoi’ triangles, involving 
c,d,rQ^^; f,g,rfgj and' h,te,rjj^, respectively, may be replaced in a 

similar manner. This' transformation is merely the standard trains- 
formation of a it- to a T-networfc in communication theory or of a 
A- to a Y-network in power engineering. _ 

By thus transforming the four minor triangles, the network of 
figure 14(a) is changed to that of figure 14(c), a simple Wheatstone 
bridge similar to that of figure 13, wherein 

... A’ = A + frpg^(f .+ g t. rfg^ + + k +' r^^^ (21) 

B' = B + orQi^^c + d-'+ + krijt^(h + .k.+ rj^i^ (22) 
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^ ^ + ^ab) + ^fg/(f + e + ^f§) ■ (23) 

R' = R + brg^b^fa + b + r^^j) + ^p& j {o + d. + (24=) 

G' = Gr + &b I (a. + 'h + Tab) + + k + (25) 

S’ =. od/(o -i-d + Eqci^ +• fg ^(f. :+^g +. .. : .; . (26) • ■ 

The currents in the main ratio arms,' in the detector circuit-, and 
in the- battery circuit are obtainable by ii^erting these values into 
eq.uations (7) to (14). 

Only' the expression for. the current in the detector circuit' • 
need be ' considered in-detall. This current is 

i(j = (27) 

■where 






^ab ^cd 

■ 

• -L Vu-P f 

. ""ab ""fg .. 

(a+b+r^t) (o+d+rci) 

T D-I 1 

(a+b+raj,) (f+g+rpg)^ 

^cd ^iik 

- 8k 

■ ■ 

■ ?*fg ^hk ' 

(c+d+r^dX^+^+^hk)- 

mm ‘mm 

(f4^+rfg)(h+k-fi'^5j.) 


+ (df - eg) 


^dd-~^f«- 

Q3+d+r.od)(f+g+rfg) 



+ 


(bh ak) 


^ab ^hk 

(^a+b+r^^)(h+k+rhk) 


,(28) 


and D‘ is obtained by substituting equations (21) to (26) in 
equation (8);. ’The -expression for -!>' consists, solely of ‘positive 
terms Involving triple products of the circuit resistances and, 
when Eq^^ r^g, r^jj- are small compared .with the other arms, 

a close approximation is obtained by omit'ting terms involving these 
quantities to- the first and higher powers, thereby obtaining the 
approx;Lmate value 
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®’^pproi.'“o“MSE(i+i 


h+ky 

(A4 B)(S + R) 







ab hk\/od 
' a+b ■*‘h+T^\o+d 

. Ja_' 

j(A +B +S+R) 

(29) 

Examination of equation 

(28) shows that first-order effects 

of 

contact resistances r^^^, 

^cd> **fg» ^hk 

are 

eliminated if 

- . 

bA 

- aB = 0 



(30) 

dA 

0 

n 

1 



(31) 

fE 

- gB « Q 



(32) 

hR 

- = 0 



(33) 


Equations (30) to (33) aro the conditions for practical elimi- 
nation. of contact-resistance error. If, in addition, the main arms 
of the hridge are adjusted so that 

AB - BS = 0 (34) 

(the condition for halanoo of the simple Wheatstone bridge without 
contact rosistanoos) , the only current flowing in tho d'etootor cir- 
cuit is that due to torms of tho second order. 


Eesidual Error Duo to Contact Resistances 

Themultlplo bridge considered so far has been one containing 
only the contact resistances r^^, r^ 4 , r^g, rjj^, However, ref- 

erence to the circuits shown in figures 7(a), 7(c), and 8(d) will 
indicate that, in addition to the above contact resistances, there 
ma^ also exist contact resistances in series with arms a, b, d, 
g. In the most general case, there may exist contact resistances in 
series with each of tho arms a, b, c, d, f, g, h, h. These contact 
resistances will be denoted by Aa, Ab, Ac, etc. Examination of 
equation (28) will show that the introduction of this group of con- 
tact resistances (by writing a + Aa, b + Ab, o + Ac, etc, in place 
of a, b, c, etc,, respectively) will produce only terms of second 
and higher orders. 
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Go3aeo(iuont^^^.f«3Sy.^^J^^^ bridso whoao arms satisfy oq.ua- 

tlons (30) to (ssV-Vill.^oinaili' fro©-' from- f^llrfet^iNicr.offocts of 
the contact roslstoncos and will possoss only effocts of ttho second 
and hlglier ordorsi;,'.An. 9 .dGqim-t^ ^valuation of the sooond-ordor 
effect produced by t’iio' 12 ■ctjntact.-resi’Stancea ^cd^ ^fg^ 

^hk-» (aaeuBi'ing thbso' values are small compared 

to A, isj \ *<j, --a^\ l_b>T ^6, ■ etc »,). can be obtained by assuming that 
a deflection motho'd ia'-bbd'ng U8<^ ahid binding the dotoctor current 
caused by the .prospnq^ of tho contact resistances. 

The problem will '’bb treated .by. copefidoring .tHP casos. • I-n tho 
first case, starting with a balanced bridge (detector ciirront =■ 0); 
there will be feu.nd the detector .ourront ig.^^ caused by tho addi- 
tion of resistances AE, ^cd^ * • 

second case, starting with the .samo balanced bridge, there will bo 
found tho dotector current 1 q 2 caused by tho tidditlon of resist- 
ance All alone. This current -is the- "legitimate" measurement of 
tho change in resistance of arm R, and is dorlvablo mathematically 
from tho proooding case mer-ody by setting all the contact resist- 
ancos p<j,ual. to zero. The difforenco between tho currents in tho 
'first and second' bases' wili roprosent tho orrpr, duo to contact 
resistaaicos. ‘ This orroh Is oxpros.(3lble nlso. as an- additional 
"apparent AR" indicated by tho detector.. ' : 


To determinc3 tho numerator and denominator of equation (27) 

may bp imagined rewritten with E + AE, a + Aa, b -k Ab, etc., 
replaoii^ R, 'a.jy' b, 'eto.-i • rPspeotlvely., Bopause it is nocessary 
to evaluate only' those'- tornrs' which will ultimately yield errors i of 
the sooond and lower- drdersy the maiheraa-tjpal’ labor' may be' minimized 
by noting that, when tlie values of Aa, Ab, Ac, e-tc'., • are first — 
Inserted into.. equation (20) and equations (30) to (33) are then 
applied, the n'uirieratbr'^ ■ Nqi- ’Jwill consisj solely of- AAE plus 
second -order terms because 

. 1. The only zerD'-ord^r texm (AR is equal to zero. 


■ ' 2. The 'only fihst border tarms beVidea AAR will be " . 

^ (la - i^s) 


which aj’e each equal to.j^aypv' 


Consequently, lu determining the fraction AAE/D', the denomi- 
nator need be expanded only ‘up ' to ' terms ,of the first order, and in 
determijilng the remaining fractions of .the denominator may be 
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■written siniplj’' as Dq, which la of zero order. Thus, If ANq.i rep- 
resents the second -order terms that a]ipear. In Nr>' when all the 


contact resistances are introduced and. If 
order -berms that appear in D' whon.it is 
tlons ( 21 ) to (26), then 


3n < 


9n 


Aa + 


G' 


Sn 


Bh 


- Ah + ■ 


G' 

Sc 


Ac + • 


+bf 


AD represents the fii’st- 
evaluated fr m equa- 


I (a+b)(f+g) 


- ac 


-u f J 

ah cd 

(a+h) (c+d) 


+ dh 


. cd hh. 
j_(c+d) (h+ 1 :) 


1 


t 




72 72 « 

g ^hk I 


(f+g) (h+k)J 


(35) 


SDq SDq SDq 

AD = Aa + Ah + Ac + • 


+ 


^ab 

a+b 


Fl + 


^cd 

c+d 


5’2 


+ .-?s 


F,+ 


_ 

h+k ^4 

(36) 


where F£^ F 3 , F^ eire functions of A, B, S, E, - a, *b, 

• • • h, k, and. In the evaluation of the partial derivatives from 
equations (28) and (29), r^ y(a+b+rj^ 1 j) has been written simply as 

rab/(a+b), etc. — 


The value of i^^^^ is then given by 

{' 

I AAR 


^G 1 - ® 


AN^j. 


_Do+AD ^ Do j 


EAR ^o 

D^. Po+AD 
■ t 



(37) 


and the value of 1 ^^ is obtained from this equation by setting all 
the contact resistances equal to zero; 


_ EAAE 

_ EAR I' AR'N (3g\ 

" Do 


The difference between the two currents may then be -written as 


^G1 


- 


EAR 

AN^. 

AD 

Do 

AR 

“ Do 


(3:0 
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whoro. In the last term, AD has been dropped from the denominator 
■because it -would oontrl'buto only third-order terms . 

Insertj.ng equation (39) into the identity 


^G1 = ^G2 (^Gl “ ^Ge) 


equation (37) may ho placed in the form 


t _ 

^G1 - Do 


AR r ; 

-^ + T)1 + 112 


■ /arnI 


■where • 


ANg. 


AD 




(40) 

(41) 

(42) 


The term EAE/D^ is the sensitivity factor of the bridge, 
relating detector- current to fractional change in ; E. The toi’m' 
AE/R represents tho true resistance change in arm R euod the last 
two terms within tho brackets in equation (41) represent the total 
error in the measurement of AR/E, exproesod as the apparent addi- 
tional fractional change in resistance of arm H, In tho resulting 
equation 


Error ® q]_ + 1^2 

the quantities ’Ig functions of the contact resistances 

and do not themselves contain AR; represents tho error present 

oven when AR is zero and ti 2 (ar/r) roprosonts tho addltlonal 

error present when there exists an Initial unbalance AH. The 
explicit expressions for these errors in tho measurement O'f AR/H, 
as obtained from equations (35), (36), and (39), are 
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1 r^alD 


}-~- Fi+ Fo+ - 3 ^ F3+ ™ jj'4 

:a+l) c+d 2 i+g 3 h+k ^ 


h+k Do ja+'b 1 c+d 


, b^Aa+a^Ab „ k^Ab+b^Ak „ d^Ac+c^Ad „ . ^ ; . 

+ — F5+ 5 — ^R + -—- 5 ~ Fr + ^ Fe! 


(a+b) 


(b+k) 


2 ^5 


(c+d)^, ® 


(f+g) 


where 


Do = ABSE(i + i+i+£) +Gq' (A+B) (S+E)+Hp(A+S) (B+E)+Go'HqCA+B+S+E) 


G^' = G + 


ab ^ bk 
a+b b+k 


w ^ 4. ^S_ 
c+d f+s 


F^ =aB (A+B+S+E) + Gp' (A+B)(a+b) + H^b (A+S) + Go'Hp (a+b) (49) 
Fg = dA (A+B+S+E) + Ep (A+S)(c+d) + Gp'd (A+B) + Go’E^ (c+d) (50) 
F 3 = gB (A+B+S+E) + Ho (B+B)(f+g) + Go'g (A+B) + Go'Hq (f+g) (5l) 
F 4 =kS (A+B+S+E) + Gq' (S+E)(h+k) + Hp'k (A+S) + Gq’H q (b+k) (52]_ 
F 5 = (A+B) (S+E) + Hq (A+B+S+E). ... . (53) 


Fg =(A+S)(B+E) + Gq' (A+B+S+E) (54) 

Numerical evaluation of the error will be obtained for certain 
special cases of practical interest. For convenience, it will bo 
assumed that the values of all contact resistances are eipual. If 
this value is denoted as r, then equation (43) becomes 

Error = E-j^r^ +' Egr -(AE/e) ■ (55) 

where Ej^r^ and ‘ K^r ’ are the .values assumed,, by the functions t)j_ 
and Tig when all the contact resistances are set eq^ial to r. In 
the cases itemized below, the values of the contact resistances will 
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be choaen either equal to r or to zero in such manner. as to pro- 
duce the maximum possible value of Ki (that is> the greatest pos- 
sible error in an initially balanced bridge) . The value of Kg 
will then be daterlalned for the same values of contact resistance 
as thoae used in evaluating Kj_.' In evaluating Kg, it vill be 
assumed that G- = 0, because this condition always loads to a 
greater error. The resulting values of the total error in a bridge 
initially 1 percent out of balance generally will not be the maxi- 
mum possible values, but they will be sufficiently- close to the 
maxlmuEi to provide effective indication of the order of magnitude 
of the total ' error . 

Case 1. - For the circuit of figure 8(a) (equivalent to 
fig. 15(a) ), f = g = h*=k = rpg = rhk = 0. For the circuits listed 
in table 1, table 2 lists the values of % and Kg computed for 
conditions that lead to the maximum value of Kj.. These conditions 
■are gererally 


. ^ab = ^cd » Aa = r 
Ab = Ad = 0 

Case 2. - For the circuit of figure 8(c) (equivalent to 
fig. 15(b)), a = bah = k=: rab = circuits listed 

in table 3, table 4 lists the values of K], and Kg computed for 
conditions that lead to the maximum value of Kp. Those conditions 
are generally 


^cd “ ^fg ^ 

Ad = 0 .. 

C ase 5. - For the Kelvin bridge circuit of figure 6(b), 
c .= d == f = g = h = k = r^^ = r|.g = rjjjj. = 0. For the circuits listed 

in table 5, table 6 lists' the values -of Kp; and Kg computod for 
conditions that lead to the maximum value of Kp. These conditions 
a233. -- ■ 


ra^ = Ab = r 

Case 4. - For the circuit of figure 9(c) (equivalent to 
fig. 15 '('c)T, h = k * =? 0. For the circuits listed in -table 7, 

table 8 lists the values, of Kp and Kg computed for conditions 
that lead to the maximum value of Kp. These conditions are 
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^ab = ^cd = = Aa = As = r 

Ab = Ad =s 0 


Solution for a Elgh-Eesistanoe Detector 

When the detector resistance is very high compared to the 
resistance of the bridge arms, the detector becomes a voltage - 
sensitive rather than a current -sensitive device and, in place of 
equation (27), there should be used 


N 


1 


G' 


(D'/G) 


which, as G approaches infinity, becomes 


(56) 


e^ = lN^,/D' (57) 

where D’ is the coefficient of G in the equation for D' , 

Evaluation of the second-order error by a treatment similar 
to tliat of the preceding section loads to the result that the 
apparent ffaotional change in E, which is actually caused by the 
presence of contact roslstances, is given by 

Error = Pq + ^2 (AB/e) (5G) 


where the error at balance, remains unchanged from the case of 

a low-resistance detector £ind is given by ’ ' ■ 



The additional error caused by the presence of an initial unbalance 
AE/E is now t] 2 (AE/E) whore 
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and 


"o c+d -^ f+g - 


(62) 

Fq = (a+b)(A+B+Ho) 

r 

(63) 

Fg = d (a’+B) + (c+d) 


(64) 

F's - g (A+B) + Hq (f+g) 


(65) 

F 4 = (h+ls:)(S+E+Ho) 


( 66 ) 

F 0 = A+B+S+R - 


(67) 


For ■fch.o ' spoolal caso who're all contact resistances are equal, 
the analog of equation (55) is ' . ‘ • 

Error = Kj_r^ + Kgr (AR/R) ( 68 ) 

_ For tho hridgoB listed in tahlos 1, 3, 5, and 7, the value of 
is Iqsb than. .the value -of , Kg in equation (55), so that no 
numerical listing has boon presented For tho caso vhon G approaches 
infinity. ' 


Accuracy Requiremonts In Design of a Multiple Bridge 

In constrjuctlng a multiple -hr idgo circuit, It'-Js nocoasary to 
toibw tha required accuracy of adjustment of tho resistors in the 
various arms. It Js obvious that the ratio betveon resistors in 
tho main bridge must be accurate to the samo percentage as tho 


. f ^fg fN <^ ^hk hN 1 ^ab — ^od — ^fg — ^hfc — 


^ d^Aqic2Ad ^ ^ = 

(c+d )2 (f+g)^ 


D„ = (A+B)(S+R) + Ho (A+B+B+E) 
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smallest porcentage change In. arm E that it is desired to measure. 
On the other hand, the auxiliary ratio arms do not require this 
accuracy; in fact, if the contact rosistancos rat, rcd.> ^fg^ 
rjijj; were zero, the values of the auxiliary ratio arms would ho 
iinmaterial in any null method and would then affect only the sonsl- 
tivity of the bridge. The question of what accuracy is required in 
the auxiliary ratios is the converse of the question of what effect 
is produced by a given change in these ratios and the latter effect 
has already been stated in equations (43), (44), and (45). For an 
initially balanced bridge, the effect is given by the first four 
terms of equation (44) . Eoughly speaking, the accuracy required 
in the auxiliary ratios is less stringent than the accuracy desired 
in the measurement of B by a factor of the order Of magnitude of 
the ratio between the resistance Of one of the bridge arms and tho 
probable contact resistance. Thus, assume that the auxili.ary ratio 
a/b is in error by p porcont so that, instead of a/b, the ratio 
is (a/b)(l +'0.01 p) . This ratio may be written as 


a 

b 


(1 ^ 0.01 p) . Ill ^ £ (l . 


Aa A'fiS 
a" " by 


(69) 


From equation (44), treating only the initially balanced bridge 
for simplicity, the error in the measurement of AE/R, due to the 
change in a and b, is 


V > 

V^E ^ a+by 


X — ^ = 4- V X - 

S ^ a+by V ^ E 




X I X 


Because b/E = a/S and because Aa/a - Ab/b = 0.01 p, tho error 
becomes 


^ V 5. V d'b/'b - Aa/a, 
^ab ^ E ^ a+b 


X ^ X 0.01 p 


(71) 


If a = b, tho percentage eri*or become s 

^ab 

" 2E ^ 

Similar analyses hold for the other auxili.ary re,tio arms. Conse- 
quently, in an equal-aim main bridge possessing two pairs of aux- 
iliary ratio arms, the following proportion would hold; 


Permissible percentage error in auxiliary ratios ^ E (72) 
Permissiblo percentage error in measuremont of E r 
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whoro . is tho proba'blo contact roalstanco. • It is important to 
note that, tho denominator of tho left-hand side of this equation 
is tho .pormissihlo-pprcontage cunror in moasuromont of R and not 
tho ponalsslhlo porcont-';^o orror in moasuromont of ,AE/E. It is 
also to bo noted that only tho ratio between any pair of auzlli'iry 
rosistojrs such as a,b or c,d must bo hold within tho limits 
previously stated and that tho actual voluo of those rosiators is 
not critical. 


REFERENCE 

1, do Forost, A. 1 . , and Leodorman, H. : Tho Dovolopmont of— 
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TABLE 1. - REPRISEOTATIVE EESISTAKCE VALUES FOE MULTEPLE-ERIDGE CIECUIl 
FOE ELIMIKATING CONTACT -RESIST ANCE ERRORS AT TWO ADJACENT BRIDGE 
CORNERS FOE STRAIN GAGES OF 100, 500, AND 1000 OHMS 


Bridge 

Resistance in main ratio 
arms, ohms 

Resistance in auxiliary 
ratio arms , ohms 

E 

S 

A 

B 

a 


C 

d 

1 

100 

100 

1000 

1000 

1000 


1000 

100 

2 

100 

1000 

1000 

100 

1000 


1000 


3 

500 

500 

500 

500 

1000 


1000 

MAM 

4 

500 

500 

1000 

1000 

1000 


1000 


5 

500 

1000 

1000 

500 

1000 

500 

1000 


6 

1000 

1000 

1000 

1000 

1000 


1000 


7 

1000 

1000 

100 

100 

1000 


100 



TABLE 2. - ERRORS CAUSED BY CONTACT RESISTANCE r AT EACH CONTACT IN 
MULTIPLE-BRIDGE CIRCUITS OF TABLE 1 COMPARED WITE EE®ORS THAT WOULD 
OCCUR IN SAME MAIN BRIDGE WITHOUT AUXILIARY ARMS (SEE FIG. 8(a)) 


Eridge 

SL 

Constants in equation for 
error in multiple bridge 

[Error = K 3 _r^ + (i!^E/R)] 

Apparent AE/E produced by 
1-ohm contact resistance 
(ohms per megohm) 

"Wheat- 

stone 

bridge 

Miiltiple bridge 

% 

^2 

(t) 

M _ 0 

R " ^ 

f " 

- - - - 

1 

0.95 X 10“^ 

-7.46 X lO"^ 

20,000 

-10 

-65 

2 

.95 

-7.44 

20,000 

10 

-65 

°3 

-.20 

-1.75 


-2 

-20 

4 

.17 

-1.95 


-2 

-19 

5 

.17 

-1.95 

4,000 

2 

-18 

6 

.08 

-1.17 


-1 

-11 

7 

.10 

-1,42 


-1 



-13 


o f 

Computed for conditions leading to maximum possible error in an 
initially "balanced "bridge. Unless othei*wlse noted, these condi- 
tions are rg^^ = = At = Ad = rj Aa = 0. 

Resistance in detector arm is zero. 

°Condltions for maximum value of are r^-jj = rQjj_ = Aa = r; 

At = Ad = 0. 

National Advisory Committee 
for Aeronautics 
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TABLE 3. - EEPEESElfrATIVE RESISTANCE YALEES FOR 14ULTIPLE-BRII)G-E CIRCUIT 
FOR ELBCCNATINC CONTACT -RESISTANCE ERRORS AT TWO OPPOSITE BREDGE 
CORNERS FOE STRAIN GAGES 0F 100^ 500, AND 1000 OHMS 


Bridge 

Resistance in main ratio 
arms , ohms 

Resistance in auxiliary 
ratio arms, ohms 

R 

S 

A 

B 

c 

d 

f 

g 

8 

100 

100 

100 

100 

1000 

1000 

1000 

1000 

9 

100 

500 

500 

100 

1000 

1000 

1000 

1000 

10 

500 

500 

500 

500 

500 

500 

500 

500 

11 

500 

500 

500 

500 

1000 

1000 

1000 

1000 

12 

500 

500 

1000 

1000 

1000 

500 

1000 

500 

13 

500 

100 

100 

500 

1000 

1000 

1000 

1000 

14 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

15 

1000 

1000 



500 

500 

500 

1000 

500 

1000 


TABLE 4. - ERRORS CAUSED BY CONTACT RESISTANCE r AT EACH CONTACT IN 
MULTIPLE-BRIDGE CIRCUITS OF TABLE 3 COMPARED WITH ERRORS THAT WOULD' 


OCCUR IN SAME MAIN BRIDGE WITHOUT AUXILIAEY AEt-B (SEE FIG. 8(c)) 


Bridge 

^Constants in equation for 
error in multiple "bridge 

[Error = E^^r^ + (AR/E)] 

^'Apparent AE/R produced hy 
1-ohm contact resistance 
(ohms per megohm) 

Wheat- 

stone 

bridge 

Multiple bridge 

% 

^2 • 
(t) 

o 

II 

= 0.01 
R 


-0.50 X 10"^ 

-5.23 X 10"^ 

■20,000 

-5 

-57 


.50 

-5.24 

20,000 

5 

-47 


-.20 

-1.25 

4,000 

-2 

-15 

11 

-.10 

-1.17 

4,000 

-1 

-13 

12 

-.13 

-1.00 . 

4,000 

-1 

-11 

13 

-.50 

-1.24 

4,000 

-5 

-17 

14 

-.05 

-.63 

2,000 

~t5 

-7 

15 

-.07 

-.75 

2,000 

-1 

-8 


^’Camputed for conditions leading to maximum possible error in an 
initially talanced ‘bridge. Unless otherwise noted, these condi- 
tions are = r„„ = Ag = r; Ad = 0. 

, ig — 

Resistance in detector arm is zero. 

“Conditions for maximum value of are =. Ad = rj 

Ag = 0. 

National Advisory Ccmmlttee 
for Aeronautics 
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TABLE 5. - EBPRESENTATIVE EESISTAWCE VALUES EC® KELVIN BRIDGE CIRCUIT 
FOR ELIMIWATINGI- CONTACT -rRISISTANCE ERRCES AT OWE BRIDGE 
CORlfflR FOR STRAIW GAGES CF 100, 500, AND 1000 OBI© 


Bridge 

Resistance in main 
arms, ohms 

ratio 

Resistance in auxiliary 
ratio arms, ohms 


R 

S 

A 

B 

a 

b 

16 

100 

100 

100 

100 

1000 

1000 

17 

100 

100 

1000 

1000 

1000 

1000 

18 

100 

1000 

1000 

100 

1000 

100 

19 

500 

500 

500 

500 

1000 

1000 

20 

500 

500 

1000 

1000 

1000 

1000 

21 

500 

1000 

1000 

500 

1000 

500 

22 

1000 

1000 

1000 

1000 

1000 

1000 

23 

1000 

1000 

100 

100 

1000 

1000 


TABLE 6. - ERRORS CAUSED BY CONTACT RESISTAITCE r AT EACH CONTACT IN 
KELVIN BRIDGE CIRCUITS OF TABLE 5 COMPARED WITH ERRORS THAT WOULD 
OCCUR IN SAME MAIN BRIDGE WITHOUT AUXILIARY ARMS (SEE PIG. 8(U)) 



^-Constants in equation for 

S' Apparent AR/R 

produced by 


error in multiple bridge 

1-ohm, 

contact resistance 

Bridge 

[Error = K]_r2 

+ E2r (AR/R)] 

(ohms per megohm) 

Wheat- 


. . . 

1^1 

(b) 

Muitrpxe Dridge 


stone 

bridge 


f.O.Ol 

16 

0.50 X 10-5 

-5.42 X 10-5 

10,000 

5 

-49 

17 

.50 

-5.24 . 

10,000 

5 

-47 

18 

.91 

-3.94 

10,000 

9 

-30 

19 

.10 

-1.25 

2,000 

1 

-12 

20 

.10 

-1.20 

2,000 

1 

-11 

21 

.13 

-1.11 

2,000 

1 

-10 

22 

.05 

-.67 

1,000 

.5 

-6 

23 

.05 

-.74 

1,000 

.5 

-7 


^■CoirLputed for conditions leading to maximum pcsBilile error in an 
initially "balanced bridge; r^-jj = db = r. 


"Resistance in detector arm is zero. 
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TABLE 7 . - REPEESEIfrATrVE RESISTAWCE Y.ALUES FOR MULTn^LE-HRlDGE CIRCUIT 

B’OR ELIMIIvATOTG CONTACT -RESISTANCE ERRORS AT THREE BRIDGE 

CORNERS FOR STRAIN GAGES OF 100, 500. AND 1000 OHMS 


Bridge 

Resistance In main 
arms , ohms 

ratio 

Resistance In auxiliary 
ratio arms, ohms 

E 

r— -1 

s 

. 


B 

a 

b 

c 

d 

f 

s 

24 

100 

100 

100 

100 

1000 

1000 

1000 

■lOOG 

1-^ 

o 

8 

1000 

25 

100 

100 

1000 

1000 

lOOC 

1000 

1000 

100 

1000 

100 

26 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

■ 27 

. 500 

500 

500 : 

500 

1000 

1000 

1000 

1000 

1000 

1000 

28 

500 

500 

1000 f 

1000 

1000 

1000 

1000 

500 

1000 

500 

29 

1000 

1000 

1000 1 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

30 

1000 

1000 

500 1 

500 

1000 

1000 

500 

1000 

500 

1000 

31 

1000 

L 

1000 

100 ! 

100 

1000 

1000 

100 

1000 

100 

1000 


TABLE 8. - ERRORS CAUSED BY CONTACT RESIST.WCE r AT EACH CONTACT IN 
MULTIPLE-BRIDGE CIRCUITS OF TABLE 7 COMPARED WITH ERRORS THAT WOtIT.15 


OCCUR IK SAME MAIN BRIDGE WITHOUT AUXH.IARY ARMS (SEE FIG. 9(c)) 


Bridge 

^Constants in eq.uation for 
error In multiple bridge 

[Error = K^r^ + Kgr (AR/R)] 

^'Appai’ont AR/R produced by 
1-ohm contact i’esistance 
(ohms per megohm) 

Wheat- 

Multiple bridge 

% 

^2 

(t) 

stone 

bridge 

O 

II 



^ = 0.01 

24 

-1.00 X 10“'"^ 

'-4.20 X 10'^ 

20,000 


-52 

2b 

-1.41 

-5 . 71 

20,000 


-71 

26 

-.40 

-2.00 

4.000 


-24 

27 

-.20 

-1.58 

4,000 


-10 

28 

-.23 

-1.60 

4,000 


-18 

29 

-.10 

-1.00 

2,000 


-11 

30 

-.12 

-1.09 

2,0i00 

-1 

-12 

31 

-.14 

-1.21 

2,000 


-14 


^Computed for conditions leading to maximum pOBSible error In an 


initially balanced bridge; rg^-jj = rQg_ = = Aa = Ag = r; 

Ab = Ad - 0 . 

Resistance in detector arm is zei-o. 

National Mvieory Canmtttee 
for Aeronautics 












Figure I. - Series circuit for. measurement of alternating 
strains through slip. rings. 



(a) Actual circuit using (b) Equivalent circuit 
two-pole switch. using two-pole 

sw i tch . 


(c) Actual circuit 
using single- 
pole switch. 


Figure 2. - Wheatstone bridge for 
measurements . 


multiple-point strain 
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(a) Varying the rejiatance of 
the reference era. 


(b) Shunting the reference reais- 

t or . . ■ 

, ■ ■ . ■ ; -.r ■■ ■ ^ 

NATIbSAL ADViSORV ” 

' COMMITTEE FOR AERONAUTICS' .'‘I"; 


V: 




(c) Varying the ratio-arm set- 
ting. 


(d) Varying t he . poa Lti on of the 
, battery connect ioR. 

* ■ V i' < f .1 


Figure 3. - Standard methods of ba]^ncinj| the Kheatstone 
bridge circuit for resistance strain gages. 
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Fig. ■ 



Strain gaga 


(a) Actual circuit, atrain gaga (b) Equivalent circuit of figure 7(a), 

only on rotating eeaber. 



Coepansating gaga strain gaga - , , * . < 

(c) Actual circuit, atrain gage and (<l) Equivalent circuit of fig- 

" coepenaating gage on rotating eeB' ere 7(b). 

ber . 

Figure 7« - Multiple-bridge circuits for eliisination of con- 
tact-resistance errors in measurements through slip rings. 
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(■} ConRon reference resis- 
tor for sll strain gages. 
Reference resistor on 
fixed nienber. (Three 
slip rings and two-poie 
switch required.) 


(b) Connon reference resistor for all (c) 
strain gages. Reference resis- 
tor on rotating nsRber. (Three 
slip rings and two-pole switch 
reqsired.) 


Separate reference resistor for 
each strain gage. Reference re- 
sistor on rotating nenber. (Three 
slip rings and four-pole switch 
requ i rei|.) 


Figure 9< - Multiple-bridge circuits for multiple-point measurements through slip rings. 
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Figure lb. - Complete wiring diagram for moi tiple>po{n^ 
measurements on a rotating member carrying strain gages 
of two different nominal resistances. 
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BBS! 


(R2 ♦ R |)-» 



(»| - * 2 )- 
(*2 “ * 3 )- 

(R| - R4). 

(ft* - *3)’ 


(a) Circuit for sua and differonca of (b) Circuit for diffarancas batwaan 
two atraina. any pair out of a group of four 

atraina. 

Figure 12. > Eleaentery switching circuits for direct 
Rieesurements of suns end differences of strains. 
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